A new type of pH-sensitive liposome (fliposomes) was designed based on the amphiphiles that are able to perform a pH-triggered conformational flip (flipids). This flip disrupts the liposome membrane and causes rapid release of the liposome cargo, specifically in the areas of increased acidity. The flipids (1-3) are equipped with a trans-2-morpholinocyclohexanol conformational switch. pH-Sensitive fliposomes containing one of these flipids, POPC and PEG-ceramide (molar ratio 50/45/5) were constructed and characterized. These compositions were stable at 4 o C and pH 7.4 for several months. Fliposomes loaded with ANTS/DPX demonstrated an unusually quick content release (in a few seconds) at pH below 5.5, which was more efficient in the case of flipid 1 with the shorter linear C 12 -tails. The pH-titration curve for the fliposome leakage paralleled the curve for the acid-induced conformational flip of 1-3 studied by 1 H NMR. A plausible mechanism of the pH-sensitivity starts with an acid-triggered conformational flip of 1, 2 or 3, which changes the molecular size and shape, shortens the lipid tails, and perturbs the liposome membrane resulting in the content leakage.
Acid-induced release is a promising approach to the design of liposomes as drug/gene delivery systems, because increased acidity is characteristic for numerous physiological and pathological conditions including endosome processing, inflammation, ischemia, and solid tumor growth [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . We recently suggested a novel strategy to render liposomes pH-sensitive: a protonation-induced conformational switch of hydrocarbon chains in amphiphiles composing the liposome membrane [13, 14] . The first pH-trigger of this kind was an amphiphile 1 (Scheme 1) [13, 14] , which performed an acid-induced ring flip, and was dubbed a "flipid" [14] . By incorporation of flipid 1 into liposome membranes containing also phospholipids and mPEG 2000 -ceramide, we designed pH-triggerable liposomes ("fliposomes" [14] ) with extraordinary characteristics: an instant release of their cargo in response to a weakly acidic medium combined with high stability in storage and in serum [13, 14] .
This approach can be considered as a step towards "intelligent materials" [15] . It is different from the previous design of pHsensitive liposomes in which peptides were used as conformational switches to induce leakage in acidic medium [12, [16] [17] [18] . pH-Sensitive synthetic peptides were added to a lipid composition in a very small quantity, at ratios varying from 1/30 to 1/300,000 [12] . In our studies the pH-responsive amphiphile 1 constituted 25% to 90% (in most experiments 50 mol %) of the whole lipid composition [13, 14] . Apparently, the mechanism of pH-triggering must be different. It is also different from the release mechanism of the pH-sensitive polymer-modified liposomes [2, 19, 20] .
Based on the NMR studies of the pH-induced conformational flip of 1 (Scheme 1), the fluorometric and UV-studies of the pH-induced leakage of fliposomes, and the freeze-fracture electron microscopy (FFEM) images of the morphological changes of 1/POPC/PEGceramide fliposomes (division and budding), we proposed a conformational shortening and widening of the flipid 1, followed by lipid phase separation as a unique mechanism of the pH-triggered content release from fliposomes [14] . As flipid 1 is protonated, its headgroup assumes a larger hydrodynamic size due to higher hydration. The protonation also generates a strong intramolecular hydrogen bond between the amine and the neighboring hydroxy group, which flips the chair conformation of the cyclohexane ring and mechanically switches its two remote ester groups from equatorial to axial positions (Scheme 1). Thereby the spatial separation of the two lipid tails of 1 is increased, especially at their proximal end. At the distal end, the conformational freedom and lipophilic interactions may allow the chains to partially fold back and re-pack in the lipid bilayer, although with a decreased packable length of the hydrophobic moiety. All these changes are very fast, and they could directly perturb the lipid bilayer and induce phase separation of the fliposome membrane into thinner and thicker domains that are rich in 1 or in longer POPC molecules, respectively. The encapsulated contents of the fliposomes would then quickly leak through defects between the domains. Some domains of monolayers would subsequently bud from the fliposome membranes as small micelles, as was observed in FFEM [14] .
As the structure of lipid tails is critically important for stability of lipid bilayers, which was recently confirmed by atomic force microscopy data [21] , the ability to release the liposome content could be tuned by appropriate design of these hydrophobic parts. Structural modification of the hydrocarbon groups may allow preparation of fliposomes with different rates and/or extents of cargo release. In this study we started exploration of this hypothesis.
We prepared and characterized the PEGylated fliposomes containing new amphiphiles equipped with either longer hydrocarbon chains (2), or branched hydrocarbon chains (3), and compared them to fliposomes based on flipid 1 (Scheme 1). Compounds 2 and 3 were synthesized using the procedures developed for their homologue 1 (Scheme 2) [13, 14] . The pHdriven conformational flip of 2 and 3 (Scheme 3) was studied by 1 H NMR titration, and the pH-triggered release from the fliposomes was measured using the ANTS/DPX fluorescent assay, as described previously [13, 14] .
The conformational chair-chair flip of the cyclohexane ring in amphiphiles 1-3 (Schemes 1 and 3) was monitored by 1 H NMR (600 MHz) [13, 14] . The vicinal coupling constants 3 J HH between several protons attached to the cyclohexane moiety are strongly conformation-dependent, which allows an assignment of a predominant conformation and an estimation of the position of conformational equilibrium. 
The conformer populations (n A , n B ) in the fast equilibrium [A + AH + ]
[B + BH + ] (Scheme 3) were calculated as described before for (amino)cyclohexanol derivatives [13, 14, [22] [23] [24] [25] [26] [27] from an averaged signal width (W = ΣJ HH ) measured as the distance between terminal peaks of a multiplet in the 1 H NMR spectrum: W observed = W A ·n A + W B ·n B [28] (Table 1 ). We used mainly the signal of H4 (geminal to the hydroxy group, Scheme 3), which was usually better resolved and located in a region apart from other signals. The limiting parameter W B was assumed to equal W BH+ , that is the value observed in the presence of excess acid (ΣJ HH = 25.6 Hz for 1, 25.5 Hz for 2, and 25.3 Hz for 3; Table 1 ), and the parameter W A was estimated as 9.0 Hz from reported data [13, [22] [23] [24] [25] [26] [27] for the related conformationally biased (amino)cyclohexanols. The estimated share of the conformer A (n A ) includes both the nonprotonated form A and the protonated form A·H + (the latter being apparently the minor one due to conversion into B·H + ). The share of the conformer B (n B ) includes both the protonated form B·H + (apparently the major one in excess acid) and the non-protonated form B. The coupling constants for other protons of the cycle, mainly H1, H2, and H5, were used to confirm the conformational assignment.
The 1 H NMR and conformational parameters were practically identical between compounds 1-3 in all the studied conditions (Table 1, Figure 1 ). Thus, the elongation and branching of the hydrocarbon chains did not produce any conformational effects in the polar heads of these structures. In accordance with the previous observations for various trans-2-morpholinocyclohexanols [13, 14, [23] [24] [25] [26] , the molecules of 1-3 strongly prefer the conformation B (Scheme 3) in a nonpolar solvent (CDCl 3 ) thanks to the stabilizing intramolecular hydrogen bond OH…N. The hydrogen bonds of this type were found to be strong enough to convert a chair ring into a twist-boat conformation in aminohydroxy steroids [29, 30] . In strongly polar d 4 -methanol, which is both hydrogen bond donor and acceptor, the intramolecular hydrogen bond is effectively replaced by interactions with the solvent, and the compounds 1-3 adopt predominantly form A with equatorial lipid tails.
To characterize the pH-induced shift of the conformational equilibrium, the changes of 1 H NMR spectra were monitored during titration of the diluted CD 3 OD solutions of 1-3 with d-trifluoroacetic acid (TFA). The observation of well-resolved multiplets in the course of acidification attests to high rates of both conformational and acid-base equilibria on the NMR time scale.
During the incremental addition of acid, the signal width of H4 and H5 in the spectra of 1-3 in CD 3 OD increased significantly (Table 1 ; Figure 1a ), indicating a strong protonation-induced shift of the conformational equilibrium from A (~75% in original solutions) to BD + (~100% in excess acid). The originally well-resolved signals of H1 and H2 became narrow and unresolved, and both shifted downfield upon the drop of pD (Table 1; Figure 1b ). Because equatorial protons typically give a signal at lower field than the otherwise equivalent axial protons, this observation attests to an axial-to-equatorial switch of H1 and H2, and thus to the equatorial-to-axial switch of the ester groups (Scheme 3). Using the change of G B-A values in methanol solution upon addition of acid, we estimated the power of this conformational pH-trigger to be ≥ 12 kJ/mol, which is close to the estimations for other trans-2aminocyclohexanols [13, 14, [23] [24] [25] [26] .
Previously we observed that simple model trans-2aminocyclohexanols [25] and the flipid 1 [13, 14] did not change their relative conformer population gradually over the whole course of titration, but did so only within a narrow range of acidity. The current NMR titration curves for both the signal widths (Figure 1a ) and the chemical shifts (Figure 1b ) demonstrated such a dramatic conformational switch between pD 5.5 and 4.0 for each of the flipids 1-3. As we discuss further, such a flip affects substantially the packing of liposome bilayers.
PEGylated liposomes that encapsulated ANTS/DPX were prepared by the freeze-thawing method [31] , as described previously [14] . Starting with any particular lipid composition, this method yielded liposomes of reproducible colloidal properties and thus allowed studies on the relationship between the lipid composition of the liposomes and their pH-triggered release of contents. Based on the results of the lipid composition optimization [14] , we prepared, at pH 7.4, the liposome formulations containing 50 mol% of a flipid (1, 2, or 3) , 45 mol% of 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine(POPC), and 5 mol% of N-palmitoyl-sphingosine-1-(succinyl[methoxy-(polyethylene glycol)2000]) (PEG-ceramide) and characterized their colloidal properties ( Table 2 ). 113.6 f 0.252 f -5.02 f a) Hydrodynamic diameter, representation of two to three separate liposome preparations with less than 10 nm variation; b) P.I. = polydispersity index; c) ζpotential, representation of two to three separate liposome preparations with less than 3 mV variation; After storage for: d) 18 months, e) 10 months, and f) 8 months.
After freeze-thawing and extrusion through 200 nm polycarbonate membranes, the liposomes showed different hydrodynamic diameters. The elongation of lipid tails in 2 resulted in an almost 80% increase of the size compared with liposomes containing 1, while the branching in 3 decreased the size to almost half of the liposomes with 2. This observation indicates an important role of the tail structure in formation and properties of the lipid bilayers.
Knowledge of liposomal ζ-potential can help to predict the fate of liposomes in vivo [32, 33] . All liposome preparations showed nearzero ζ-potential values at pH 7.4 ( Table 2) , as expected from the neutrally charged lipids used for liposome construction, which suggests a potentially low toxicity [33] .
After storage at 4°C for several months, the liposome formulations with 1 and 2 did not show substantial changes in either hydrodynamic diameter or polydispersity index, and kept a near- zero ζ-potential. The liposomes containing 3 reduced to some extent their size and polydispersity index. No liposomes showed significant aggregation or precipitation after months of storage.
The amphiphiles 1-3 were designed to change their predominant conformation in acidic environment thus causing disturbance in the structure of a lipid bilayer, which in turn allows leakage of liposome content. The 1 H NMR results presented above demonstrated that flipids 1-3 do indeed change conformation when acidity increases, and this flip occurs between apparent pD 5.5 and 4.0 in d 4 -methanol solution (Table 1, Figure 1 ). To further validate the concept, we studied the pH-dependence of the leakage from liposomes containing a flipid in their bilayer.
We measured the leakage of ANTS/DPX after injecting a small aliquot of the liposome preparation into buffer solutions with pH varying from 7.4 to 4.0 ( Figure 2 ). After stabilization of fluorescence, its value was measured and normalized by subtraction of the fluorescence at pH 7.4 (0% leakage). The percent leakage ( Figure 2 ) was calculated by comparison with the value obtained after permeation of liposomes through addition of detergent (100% leakage).
As the initial horizontal part of the titration curve shows, the liposome leakage does not occur in basic or neutral medium. However, the increase of acidity brings about a dramatic jump of leakage between pH 5.5 and 4.0. The resulting diagram is similar to the NMR-titration curve for the conformational flip of 1-3 ( Figure  1) , which demonstrates the intrinsic dependence of the pH-induced liposome leakage on the pH-triggered conformational flip of the amphiphiles 1-3.
A similar dependence of the content release was observed recently for liposomes that were either comprised of or were modified with the pH-sensitive hyperbranched poly(glycidol) derivatives (HPG) [2, 20] . The leakage of fluorophore started below pH 6.0 and was almost complete (depending on the degree of polymerization) at pH 5.5 [2] . For another modification of HPG, the release range of pH was 5.5-4.5 [20] .
The efficacy of leakage in our experiments decreases in the order 1 > 2 > 3 ( Figure 2) . Thus, the elongation of the hydrocarbon chains (2 vs. 1) and the branching of them (3 vs. 2) reduce the content release from fliposomes. This observation may be considered as an additional confirmation to the proposed mechanism of pHsensitivity, wherein the bilayer destabilization starts with an acidtriggered conformational flip of the trans-2-amino-cyclohexanol moiety (the polar head group) that increases the spatial separation of the two lipid tails, which results in a set of membrane perturbations that cause the leakage (Scheme 1). The tails should be separated the most in the vicinity of the polar head and may partially fold back at the distal end to re-pack in the lipid bilayer. However, the packable length of the hydrophobic moiety (Scheme 1) would decrease, thus inducing two-dimensional phase separation of the lipid bilayer and liposome leakage. Therefore, the effect of the conformational flip in the polar head on the conformation and packing of the tails should relatively decrease as the flipids carry longer tails. On the other hand, the lipid bilayer perturbations by the conformational flip is possible because of a certain degree of order in the hydrophobic part of the lipid bilayer. When some additional disorder (fluidity) is introduced from the very beginning by the asymmetrically branched groups, the effect of the conformational flip on the membrane integrity becomes less significant. These results suggest that a better performance of the flipids may be achieved by making their hydrocarbon chains shorter and/or by introducing additional rigid fragments into their lipid tails. These hypotheses are currently under active exploration in our labs.
Experimental

Chemicals:
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and N-palmitoyl-sphingosine-1-(succinyl[methoxy(polyethylene glycol)2000]) (PEG-ceramide) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA) and used without further purification. The fluorophoreaminonaphthalene-1,3,6-trisulfonic acid disodium salt (ANTS) and the quencher -p-xylene-bis-pyridinium bromide (DPX) were purchased from Invitrogen-Molecular Probes (Eugene, OR, USA). Octaethyleneglycol monododecyl ether (detergent C 12 E 8 ), 2-[4-(2hydroxyethyl)piperazin-1-yl]-ethanesulfonic acid (HEPES) and all other chemicals were purchased from either Sigma-Aldrich or Fisher Scientific. All solvents were purified by conventional techniques prior to use. The amphiphile 1 was prepared before [13, 14] , and the amphiphiles 2 and 3 were synthesized using the same procedures (Scheme 2). (2) 
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